ROMK; epithelial sodium channel; mechanoregulation; laminar shear stress; epithelial cell THE LATE DISTAL CONVOLUTED and connecting tubules (CNT) and cortical collecting duct (CCD) of the distal nephron mediate, in large part, the final regulation of urinary K ϩ excretion (19) . The traditional model by which K ϩ secretion is accomplished in these segments can be summarized as follows. Na ϩ enters the CNT and principal cell from the urinary fluid through the apical amiloride-sensitive epithelial Na ϩ channel (ENaC) and is then transported out of the cell at the basolateral membrane in exchange for uptake of K ϩ via the basolateral Na ϩ -K ϩ -ATPase. The high K ϩ concentration within the cell and lumennegative voltage, established by electrogenic Na ϩ reabsorption, create a favorable electrochemical gradient for K ϩ to diffuse into the urinary space through apical K ϩ -selective channels. Thus vectorial K ϩ secretion in these segments requires a favorable electrochemical gradient and an apical permeability to K ϩ . Two conducting K ϩ -selective channels have been identified by patch-clamp analysis in the apical membrane of the CNT and CCD: the low-conductance inwardly rectifying secretory K ϩ (SK/ROMK) channel and the large-conductance Ca 2ϩ -activated K ϩ (BK) channel. The relatively abundant SK/ ROMK channel, located in CNT and principal cells but not intercalated cells, has a high open probability (P o ) at the resting membrane potential and is considered to mediate baseline K ϩ secretion (15, 16, 69) . In contrast, the BK channel, more prevalent in intercalated than principal cells (15, 28, 40) , is rarely open at physiological membrane potentials but can be activated by cell depolarization, membrane stretch, and increases in intracellular Ca 2ϩ concentration ([Ca 2ϩ ] i ) (28, 40, 43, 52) . Recent studies by ourselves (74, 75) and others (5, 40, 45, 48) suggest that the BK channel plays a major role in flow-stimulated K ϩ secretion. The BK channel consists of a pore-forming ␣-subunit, encoded by the Drosophila slo gene, and a regulatory ␤-subunit (3, 22) . Alternative splicing of the single gene that encodes the ␣-subunit generates variants that differ in their responses to changes in Ca 2ϩ and voltage, regulation by protein phosphorylation and other signaling cascades (9, 50, 56, 64, 66, 78, 81, 82) , as well as cell localization (23, 68, 80) . Five distinct variants of the mouse BK ␣-subunit COOH terminus have been identified, three of which are expressed at significant levels in kidney (% of total renal BK channel mRNA levels) (9) : ZERO, resulting from splicing of exon 19 to exon 23 (75%); e21 resulting in insertion of a 59-amino acid, cysteine-rich stressaxis-regulated exon (STREX) between exons 19 and 23 (10%); and ⌬e23, resulting from the skipping of exon 23, thereby splicing exon 19 to 24, which leads to a frameshift that introduces a premature stop codon within exon 24 (5%). The STREX variant demonstrates a left shift in the Ca 2ϩ sensitivity of the channel compared with the ZERO variant and slower rates of deactivation (9, 50) . ⌬e23 is not functionally expressed at the cell surface and acts as a dominant negative of cell surface expression by trapping other BK channel splice variant ␣-subunits in the endoplasmic reticulum and perinuclear compartments (9, 23) . In rabbit, medullary thick ascending limb cells express two alternatively spliced transcripts of the ␣-subunit: rbslo1, with a novel insert of 59 novel amino acids and thus likely representing the STREX variant, and rbslo2, in which a COOH terminus deletion creates a frameshift and a truncation of the COOH terminus (34) . rbslo1 is expressed at the apical cell membrane, whereas rbslo2 is localized intracellularly (23) .
The renal response to dietary K ϩ loading includes an increase in urinary K ϩ excretion, due in large part to enhanced K ϩ secretion in the distal nephron (60, 73, 76) . This K ϩ adaptation is associated with increases in the density of conducting SK channels and the electrochemical driving force favoring K ϩ secretion across the apical membrane of the CCD (41, 69) . Recent data from our group (36) have also demonstrated a role for the BK channel in renal K ϩ adaptation. Specifically, dietary K ϩ loading for 10 -14 days led to an increase in abundance of message encoding BK ␣-and ␤2-4-subunits in single CCDs with a redistribution of immunodetectable channel proteins from an intracellular pool to the apical membrane (36) . Additionally, CCDs isolated from K ϩ -loaded animals and microperfused in vitro demonstrated enhanced flow-stimulated net K ϩ secretion compared with tubules studied from control-fed animals (36) . This adaptation could be mediated directly by a transient increase in plasma K ϩ concentration but could also be initiated by a dietary K ϩ -induced increase in circulating levels of aldosterone (41, 60) . Increases in extracellular K ϩ concentration directly stimulate aldosterone production in zona glomerulosa cells of adrenal glands (6, 59) . Although serum aldosterone levels were not measured in the study by Najjar et al. (36) , it is safe to assume, on the basis of past studies by others (55, 72) , that high-K ϩ -fed rabbits had higher circulating serum aldosterone levels than did their low-K ϩ -fed counterparts. The goal of the present study was to test the hypothesis that the adaptation in BK channel expression and activity observed in response to an increase in dietary K ϩ is mediated by increases in endogenous circulating levels of aldosterone. We acknowledge that independent variation of aldosterone and plasma K ϩ concentration in adrenalectomized rabbits would have allowed us to optimally define the isolated effects of aldosterone on BK-mediated K ϩ secretion. However, our goal was to study the regulation of the BK channel by dietary manipulation leading to physiologically relevant changes in circulating levels of endogenous mineralocorticoids, not by exogenous administration of supraphysiological doses of steroids.
To this end, New Zealand White (NZW) rabbits were fed for 7-10 days with low-Na ϩ (LS) or high-Na ϩ (HS) diets designed to alter circulating levels of aldosterone but not plasma K ϩ concentration. Thereafter, single CCDs were isolated for relative quantitation of BK channel subunit (total and ␣-splice variants and ␤-isoforms) mRNA abundance by real-time PCR, immunolocalization of BK ␣-subunit by immunofluorescence microscopy, and measurement of flow-stimulated net transepithelial cation transport via in vitro microperfusion. Our data suggest that aldosterone does not contribute to the regulation of BK channel expression/ activity in response to dietary K ϩ loading and that a kaliuretic factor(s)/pathway other than this hormone regulates renal K ϩ transport in response to changes in dietary K ϩ intake, as has been proposed by others (42) . Measurement of serum aldosterone concentration. Serum aldosterone levels in the rabbits were quantitatively measured with the use of the Aldosterone Coated-Tube Radioimmunoassay Kit (Diagnostic Systems Laboratories). The procedure follows the basic principle of radioimmunoassay in which a radioactive and a nonradioactive antigen compete for a fixed number of antibody binding sites. The kit contains the following reagents: 1) aldosterone standards, 2) aldosterone I-125 reagent, 3) aldosterone-coated tubes, and 4) aldosterone controls. Rabbit sera were collected as described above and stored at Ϫ20°C. Reagents were allowed to reach room temperature and mixed thoroughly before use. Two uncoated tubes for "total counts" and coated tubes in duplicate for standards, controls, and unknowns were labeled. One hundred microliters of the standards, controls, and unknowns were pipetted into the appropriate coated tubes. Five hundred microliters of the I-125 reagent were then added to all tubes. Tubes were shaken gently and then incubated for 3 h on a shaker set at 180 rpm at room temperature (25°C). All tubes, except "total count" tubes, were aspirated, drained on absorbent material for at least 2 min, and then counted in a gamma counter for 1 min.
METHODS

Animals
Results were calculated with a log-linear curve. Mean counts per minute (cpm) for each standard, control, and unknown were calculated. The percent bound of the total (B/T) for each standard, control, and unknown was then calculated. A curve of radioactivity counts (cpm) or % B/T for the aldosterone standards (y-axis) was plotted against the aldosterone concentration (x-axis) on log-linear (semilog) graph paper. A standard curve was drawn through the mean of the duplicate points. Finally, the aldosterone concentration was determined from the means of the duplicate counts of each control and unknown from the standard curve.
Relative quantitation of BK channel subunit and variant mRNA in single CCDs. CCD microdissection was performed in 1ϫ phosphatebuffered saline (PBS) containing 10 mM vanadyl ribonucleoside complexes (Sigma, St. Louis, MO) to inhibit RNA degradation for no longer than 1 h after the death of the animal. Single tubules were rinsed three times in cold 1ϫ PBS and transferred to a 1.5-ml microcentrifuge tube for extraction of RNA. Approximately 10 mm of total length of CCDs was pooled for each sample. RNA was extracted from the single CCDs and cDNA synthesized with random primers as previously described (36) .
Channel transcript expression was analyzed by real-time semiquantitative PCR with the Taqman technique and an ABI Prism 7900 Sequence Detection System (Applied Biosystems, Foster City, CA). Primers and probes for BK ␣-, ␤1-, ␤2-, and ␤4-subunits (Table 1) , synthesized with Primer Express Software (Applied Biosystems) according to the recommended guidelines based on sequences obtained from GenBank, were identical to those reported previously (36) . Quantitation of the ␤3-subunit was not performed in this study because we have had to use the SYBR Green detection system in the past to quantitate this transcript (36) ; it should also be noted that in a recent study RT-PCR performed on whole mouse kidney RNA revealed expression of BK ␤1-, ␤2-, and ␤4-but not ␤3-subunits (18) . Additional primers and probes designed to target total and unique splice variants of the ␣-subunit were also synthesized as above based on sequences reported by Chen et al. (9) . The primers for BK ␣, used for analysis of the expression of ␣-subunit mRNA in single CCDs isolated from rabbits fed a HS or LS diet ( Fig. 1) , and those for total BK, used to examine expression of total BK channel ␣-subunit and splice variant expression in single CCDs in response to changes in dietary Na ϩ and K ϩ intake ( Fig. 2) , were designed to amplify a highly conserved region common to all splice variants (9, 36) . ENaC (␣-subunit)-specific primers and probe were synthesized based on sequences reported by Audige et al. (4) . The 5Ј end of each probe was labeled with 6-FAM dye, and the 3Ј end was labeled with TAMRA. Primers and probes specific for 18S ribosomal RNA (Applied Biosystems) were selected for the internal positive reference control.
Real-time PCR was performed by adding 8 l of PCR Master Mix containing 0.05 l of Platinum Taq DNA Polymerase (Invitrogen, Carlsbad, CA), AmpErase UNG (Applied Biosystems), dNTPs with dUTP (Applied Biosystems), passive reference ROX (Invitrogen), optimized buffer component, 0.2 l (20 pM) of forward and reverse primers, 0.2 l of Taqman probe, and nuclease-free water to 2 l of cDNA. For the ENaC studies, 2% DMSO was added to the Master Mix. Each 384-well plate was covered with optical adhesive film, and after the initial steps of 50°C for 2 min for optimal AmpErase UNG enzyme activity and 95°C for 10 min for activation of DNA polymerase, 40 cycles of 95°C for 15 s (melt) and 60°C for 1 min (anneal/extend) were performed.
After PCR amplification, SDS 2.1 software (Applied Biosystems) was utilized to calculate the threshold values (threshold cycle, C t) for (BK) channel and epithelial Na ϩ channel (ENaC) subunit transcript expression in single cortical collecting ducts (CCDs). Real-time PCR was used to examine the expression of ␣-, ␤1-, ␤2-, and ␤4-subunits and ␣-ENaC mRNA in single CCDs isolated from rabbits fed a high (HS)-or low (LS)-Na ϩ diet. Channel subunit-specific mRNA abundance in CCDs harvested from LS-fed animals, normalized to that of 18S measured in the same sample, is presented as the fold difference relative to the ratio detected in tubules isolated from HS-fed rabbits. BK ␣ (n ϭ 10), ␤2 (n ϭ 8), and ␤4 (n ϭ 10) mRNA expression in CCDs isolated from HS-fed animals did not significantly differ from that detected in LS-fed animals (n ϭ 12, 11, 13, respectively; P ϭ nonsignificant). ␤1-Subunit transcripts were not detected in any CCD sample. ␣-ENaC mRNA expression in CCDs isolated from LS-fed animals (n ϭ 6) significantly exceeded that detected in HS-fed animals (n ϭ 10). Values are means Ϯ SE. *P Ͻ 0.05 compared with HS.
Fig. 2. Effect of dietary Na
ϩ and K ϩ intake on BK channel ␣-subunit splice variant expression in single CCDs. Real-time PCR was used to examine expression of total BK ␣, stress-axis-regulated exon (STREX), and zero variant mRNA in single CCDs isolated from animals fed a HS or LS (A) or high-K ϩ (HK) or low-K ϩ (LK) (B) diet. Channel variant-specific mRNA abundance was normalized to that of 18S measured in the same sample and then normalized to the HS (A) or LK (B) ratio for that variant. A: expression levels of total BK ␣ (n ϭ 7), STREX (n ϭ 7), and zero (n ϭ 7) variant mRNA in CCDs isolated from HS-fed animals did not differ from those detected in LS-fed animals (n ϭ 7, 7, 8, respectively). B: in contrast, CCDs isolated from animals fed a HK diet exhibited significantly greater mRNA abundance for total BK ␣ (n ϭ 9), STREX (n ϭ 10), and zero (n ϭ 9) variants than detected in LK-fed rabbits (n ϭ 9, 9, 9, respectively). Values are means Ϯ SE. *P Ͻ 0.03 compared with LK. 
BK, large-conductance Ca 2ϩ -activated K ϩ channel; STREX, stress-axis-regulated exon; ENaC, epithelial Na ϩ channel.
BK and ENaC subunit transcripts. Relative gene expression of channel subunits was calculated with the 2 Ϫ⌬⌬Ct method (30) . Immunofluorescence localization of BK channels in kidney. Coronal sections of rabbit kidneys were fixed in 4% paraformaldehyde and sucrose and embedded in optimal cutting temperature (OCT) compound. Serial 4-m-thick paraffin sections were cut on a cryostat (Leica CM1900) and collected on Superfrost microscopic slides (Fisher Scientific). Sections were hydrated in PBS for 30 min and then blocked with 1% BSA in PBS-0.02% sodium azide for 30 min.
Tissue sections were incubated with a previously characterized (36) anti-BK channel ␣-subunit antibody (15 g/ml) for 75 min at room temperature. For peptide competition experiments, peptide was added to the primary antibody at a 1:100 dilution (stock concentration of 10.5 mg/ml), as previously described (36) . After incubation with primary antibody the sections were washed twice for 5 min with high-salt PBS (2.7% NaCl) solution, followed by one 5-min wash in PBS. The secondary anti-chicken IgY antibody, a FITC-conjugated Affinipure F(abЈ) 2 fragment from donkey, was applied at a 1:50 dilution (stock concentration of 1.5 mg/ml), and sections were colabeled with CY3-conjugated Dolichos biflorus agglutinin (DBA, 5 g/ml), a marker of principal cells in the rabbit distal nephron (75) , prepared in PBS solution, for 60 min at room temperature. Each section was washed twice for 5 min with high-salt PBS solution, followed by one 5-min wash in PBS.
All sections were mounted on coverslips with Vectashield (Vector Labs, Burlingame, CA). Confocal microscopy was performed with a ϫ40 plan-Apochromat objective (numerical aperture 1.4), with the zoom 2 setting, mounted on a Leica DMRXE equipped with appropriate lasers. The images of the slides incubated with the anti-BK antibody alone and with the anti-BK antibody adsorbed to the immunizing peptide were obtained with identical objective, zoom, and laser settings; these slides were incubated on the same day with identical immunofluorescence staining protocols. The images (1,024 ϫ 1,024 pixels) were saved in a tag-information-file-format (TIFF), and the contrast levels of the images were adjusted in the Photoshop program (Adobe, Mountain View, CA) on a Power PC G-4 Macintosh (Apple, Cupertino, CA). The number of cells showing linear apical BK ␣-subunit immunofluorescence was counted in individual tubular profiles, as previously described (36) .
Microperfusion of single tubules. Kidneys were removed via a midline incision, and single tubules were dissected in cold (4°C) Ringer solution and microperfused in vitro as previously described (74) . Briefly, each isolated tubule was immediately transferred to a temperature and O 2/CO2-controlled specimen chamber, mounted on concentric glass pipettes, and perfused and bathed at 37°C with Burg's perfusate containing (in mM) 120 NaCl, 25 NaHCO 3, 2.5 K2HPO4, 2.0 CaCl2, 1.2 MgSO4, 4.0 Na lactate, 1.0 Na3 citrate, 6.0 L-alanine, and 5.5 D-glucose, pH 7.4, 290 Ϯ 2 mosmol/kgH2O (74) . During the 45-min equilibration period and thereafter, the perfusion chamber was continuously suffused with a gas mixture of 95% O 2-5% CO2 to maintain the pH of the Burg's solution at 7.4 at 37°C. The bathing solution was continuously exchanged at a rate of 10 ml/h with a syringe pump (Razel, Stamford, CT).
Transport measurements were performed in the absence of transepithelial osmotic gradients, and thus water transport was assumed to be zero. Three or four samples of tubular fluid were collected under water-saturated light mineral oil by timed filling of a calibrated 30-nl volumetric constriction pipette at slow (ϳ1 nl⅐ min Ϫ1 ⅐ mm Ϫ1 ) and fast (ϳ 5 nl⅐ min Ϫ1 ⅐ mm Ϫ1 ) flow rates. The K ϩ and Na ϩ concentrations of perfusate (C 0) and collected tubular fluid (CL) were determined by helium glow photometry. The rates of K ϩ and Na ϩ transport (Jx, in pmol ⅐ min Ϫ1 ⅐ mm Ϫ1 ) were calculated as follows:
where VL is the rate of collection of tubular fluid determined from the time (in min) required to fill the precalibrated volumetric pipette and L is the tubule length in millimeters. To determine the concentration of Na ϩ and K ϩ delivered to the tubular lumen, ouabain (100 M) was added to the bath at the conclusion of each experiment to inhibit all active transport, and an additional three or four samples of tubular fluid were obtained for analysis. The rates of net transport (in pmol ⅐ min Ϫ1 ⅐ mm tubular length Ϫ1 ) were calculated with standard flux equations, and the calculated ion fluxes were averaged to obtain a mean rate of ion transport for the CCD at each flow rate, as previously described (51) . The flow rate was varied by adjusting the height of the perfusate reservoir. The sequence of flow rates was randomized within each group of tubules to minimize any bias induced by time-dependent changes in ion transport.
Statistics. All results are expressed as means Ϯ SE; n is the number of animal or tubule samples used for in vitro microperfusion studies and real-time PCR. Comparisons were made by paired and unpaired t-tests as appropriate, with commercially available statistical software (SPSS, Chicago, IL). Significance was asserted if P Ͻ 0.05.
Real-time PCR data are represented as the fold change in mRNA expression, normalized to that of 18S, relative to the values observed under the condition that did not lead to an increase in plasma aldosterone concentration. The standard deviation of the fold change was calculated from the standard deviations (S) of each subunit or splice variant value under the different dietary conditions with the formula s ϭ √S 1 2 ϩ S 2 2 , as we described previously (70) . Table 2 summarizes the weight gain, serum and urine Na ϩ and K ϩ concentrations, and serum aldosterone levels in animals on each diet. Weight gain was identical in the HS-and LS-fed animals during the period of dietary Na ϩ manipulation. As expected, LS rabbits excreted virtually no urinary Na ϩ and had higher circulating levels of aldosterone than HS animals; there were no significant differences between serum Na ϩ and K ϩ and urinary K ϩ concentrations between the two experimental groups.
RESULTS
Effect of diet on serum and urine electrolytes and serum aldosterone concentration.
Effect of dietary Na ϩ and K ϩ intake on expression of BK channel subunit mRNA. The relative abundance of BK channel ␣-, ␤1-, ␤2-, and ␤4-subunit and ␣-ENaC transcripts was examined by real-time PCR of single CCDs isolated from LS and HS rabbits. Single CCDs expressed BK ␣-, ␤2-, and ␤4-subunit mRNAs (Fig. 1) ; the ␤1-subunit was not detected in CCDs from either group, as previously described (36) . BK ␣ (n ϭ 10), ␤2 (n ϭ 8), and ␤4 (n ϭ 10) mRNA expression in CCDs isolated from HS animals did not significantly differ from that detected in LS animals [n ϭ 12, 11, 13, respectively: P ϭ not significant (NS)] (Fig. 1) . In contrast, ␣-ENaC mRNA expression in CCDs isolated from LS animals (n ϭ 6) signif- Values are means Ϯ SE for n animals studied. HS, high Na ϩ ; LS, low Na ϩ . *P Ͻ 0.05 vs. HS diet.
icantly exceeded that detected in HS animals (n ϭ 10, P Ͻ 0.05) (Fig. 1) . Alternative splicing of the pore-forming ␣-subunits of BK channels modifies the functional properties of BK channels, as summarized above. Alternative splicing of STREX is controlled by circulating stress and sex hormones, including corticosterone and dexamethasone, as well as cellular excitability (24, 25, 77, 78) . BK ␣ (n ϭ 7), STREX (n ϭ 7), and zero (n ϭ 7) mRNA expression in CCDs isolated from HS animals did not differ from that detected in LS animals (n ϭ 7, 7, 8, respectively; P ϭ NS) (Fig. 2A) . In contrast, CCDs isolated from animals fed a HK diet exhibited significantly greater mRNA abundance for BK ␣ (n ϭ 9), STREX (n ϭ 10), and zero (n ϭ 9) variants than tubules from LK fed rabbits (n ϭ 9, 9, 9, respectively; P Ͻ 0.03) (Fig. 2B) .
Effect of dietary Na ϩ intake on immunolocalization of BK channel ␣-subunit. We previously reported (36) that K ϩ adaptation in the rabbit is associated with an increase in steady-state abundance of BK channel subunit-specific mRNAs, immunodetectable apical ␣-subunit (consistent with redistribution from an intracellular pool to the plasma membrane), and flowstimulated net K ϩ secretion. However, in that study, Western blotting of whole kidney failed to identify any differences in BK channel ␣-subunit abundance among control, high-K ϩ -fed, and low-K ϩ -fed rabbits. We speculated that our inability to detect differences in protein expression among the three groups was due to diet-induced alterations in BK channel expression in only a subset of nephron segments representing a minor fraction of the total renal mass. Given this concern, and the fact that immunoblotting whole kidney would not provide information about the cellular localization of channels, we sought to utilize an immunolocalization approach to determine whether changes in dietary Na ϩ intake altered the subcellular localization of BK channel in the CCD, as did changes in dietary K ϩ intake (36) .
Cryosections of kidneys from HS-and LS-fed rabbits (n ϭ 4 per group) were colabeled with CY3-conjugated DBA (red) to identify principal cells in the distal nephron and a previously characterized anti-BK channel ␣-subunit antibody (36) , the latter visualized with a FITC-labeled (green) secondary antibody. Indirect immunofluorescence microscopy revealed immunodetectable BK ␣-subunit in a predominantly linear pattern along the apical membranes of DBA-negative cells, i.e., intercalated cells, in both LS (Fig. 3A, arrow)-and HS (Fig.  3B) -fed animals. Analysis of the number of cells showing linear apical BK ␣-subunit immunofluorescence in individual tubular profiles revealed apical BK immunolabeling in 11% of 542 cells (in 41 tubules) in LS-fed rabbits and 12% of 747 cells (in 51 tubules) in HS-fed rabbits. These results suggest that differences in dietary Na ϩ intake, and thus presumably circulating concentrations of aldosterone, do not alter cellular expression or localization of immunodetectable BK channel ␣-subunit in the CCD.
The specificity of the anti-BK channel antibody was confirmed by labeling cryosections obtained from a single LS-fed rabbit kidney with DBA and either the ␣-subunit antibody alone (Fig. 3C) or the channel antibody adsorbed to its immunizing peptide (Fig. 3D) . Labeling and image acquisition were performed under identical conditions on the same day. Preincubation of the BK channel antibody with the immunizing peptide completely abolished anti-BK channel antibody labeling (Fig. 3D) , thus confirming the specificity of the anti-BK channel staining in these studies.
Effects of diet on flow-stimulated net cation transport in microperfused CCDs. At a slow flow rate of 1 nl⅐min Ϫ1 ⅐mm Ϫ1 , the rate of net K ϩ secretion (in pmol⅐min Ϫ1 ⅐mm Ϫ1 ) in CCDs isolated from LS animals (Ϫ12.0 Ϯ 1.4, n ϭ 7) did not differ from that measured in HS animals (Ϫ13.2 Ϯ 4.7; n ϭ 6; P ϭ NS) (Fig. 4B ). An increase in tubular fluid flow rate to 5 nl⅐min Ϫ1 ⅐mm Ϫ1 elicited equivalent approximately twofold increases in the rate of net K ϩ secretion in CCDs isolated from animals in the two experimental groups (Ϫ31.6 Ϯ 4.6 and Ϫ27.4 Ϯ 7.3 pmol⅐min Ϫ1 ⅐mm
Ϫ1
, respectively). Luminal addition of 50 nM iberiotoxin (IBX) inhibited flow-stimulated net K ϩ secretion in CCDs from both LS-fed (to Ϫ11.9 Ϯ 2.0 pmol⅐min Ϫ1 ⅐mm
; n ϭ 3) and HS-fed (to Ϫ10.5 Ϯ 3.4 pmol⅐min Ϫ1 ⅐mm
; n ϭ 3) animals. These results are consistent with the notion that flow-stimulated K ϩ secretion is Net Na ϩ absorption was measured in the same tubules as above. At a flow rate of ϳ1 nl⅐min Ϫ1 ⅐mm
, the rate of net Na ϩ absorption (in pmol⅐min Ϫ1 ⅐mm
) was identical in CCDs isolated from the LS-fed (15.8 Ϯ 3.4; n ϭ 7) and HS-fed (17.4 Ϯ 4.3; n ϭ 6; P ϭ NS) rabbits (Fig. 4A) . After an increase in tubular flow rate, net Na ϩ absorption increased significantly in both groups, although the increase in Na ϩ absorption (in pmol⅐min Ϫ1 ⅐mm Ϫ1 ) in the LS-fed group (to 65.1 Ϯ 11.5) was greater than that detected in the HS-fed group (to 35.0 Ϯ 4.8; P ϭ 0.044).
DISCUSSION
We previously reported (36) that dietary K ϩ loading of rabbits for 7-10 days leads to an increase in BK channel function (assayed as IBX-sensitive flow-stimulated net K ϩ secretion in in vitro microperfused tubules), steady-state abundance of subunit (␣, ␤2, ␤4) mRNA, and apical immunodetectable channel proteins in the CCD. The mechanisms underlying the upregulation of BK channel expression and function associated with this K ϩ adaptation are not known. Dietary K ϩ loading is associated with transient increases in plasma K ϩ concentration and circulating levels of mineralocorticoids (41, 44, 60) , either of which could stimulate net K ϩ secretion. In support of a role for mineralocorticoids in the regulation of BK channel activity was the finding by Engbretson and Stoner (13) that microperfused CCDs from rabbits fed a low-Na ϩ diet for 4 -10 days showed a greater flow dependence of net K ϩ secretion in the range of 0.5-3 nl/min than segments isolated from control-fed animals. It should be noted that in a similar study by Schwartz and Burg (55), CCDs isolated from rabbits subject to dietary Na ϩ restriction for 6 -21 days failed to show a significant increase in net K ϩ secretion compared with control-fed animals. However, in the latter study, CCDs were microperfused at 5-10 nl/min (55), a range within and beyond which flow stimulation of net K ϩ secretion in the rabbit CCD saturates (13, 51, 61) .
The results of the present study demonstrate that a physiologically relevant approximately fourfold increase in endogenous circulating levels of aldosterone induced by dietary Na ϩ restriction for 7-10 days, in the absence of significant changes in serum K ϩ concentration, fails to alter the abundance of message encoding the BK channel, localization of immunodetectable protein, and channel function (IBX-sensitive flowstimulated net K ϩ secretion). These results differ from those reported by Engbretson and Stoner (13), summarized above, and may reflect our selection of a diet designed not to alter serum K ϩ concentration. We thus propose that the increases in flow-stimulated net K ϩ secretion and BK channel expression that we have reported in rabbits fed a high-K ϩ diet (36) are not mediated, either directly or indirectly, by aldosterone.
In general, chronic elevation of the ambient aldosterone concentration in vivo, by either dietary Na ϩ restriction (13, 76) or exogenous administration of mineralocorticoid (55, 61, 65) , stimulates net K ϩ secretion in the CCD. This response appears to be due primarily to a steroid-induced increase in the apical expression of conducting Na ϩ channels (31, 41, 69) and net Na ϩ absorption (55, 61) , generating a more favorable electrochemical driving force for K ϩ secretion into the urinary fluid. A key player in the response of the aldosterone-sensitive distal nephron to mineralocorticoids is serum-and glucocorticoidinducible kinase (sgk)1, which is rapidly (within 15 min) induced by aldosterone (10, 37) but must be phosphorylated via signaling cascades involving phosphatidylinositol 3-kinase (PI3-kinase)-and 3-phosphoinositide-dependent kinases for its activation (reviewed in Ref. 26); sgk1 inactivates the ubiquitin protein ligase Nedd4-2, which in turn reduces endocytotic retrieval of ENaC at the cell surface (11, 57, 58) . While dietary Na ϩ restriction or administration of exogenous mineralocorticoids does not affect the density of SK/ROMK channels in the rat CCD (16, 41) , the SK channel has been reported to be present in far more patches of primary cultures of rabbit CCD cells grown in medium containing aldosterone than when cells were grown in the absence of hormone (29) . The data from the present study, demonstrating that baseline net K ϩ secretion in CCDs harvested from rabbits fed a LS diet is not different from that detected in tubules harvested from HS-fed animals (Fig.  4) , provide additional support for the notion that physiological increases in circulating levels of mineralocorticoids do not stimulate SK/ROMK channel expression/activity in native epithelia (Fig. 4) .
The effect of mineralocorticoids on renal epithelial cell BK channel expression and activity is uncertain. The prevalence of Fig. 4 . Effect of dietary Na ϩ intake on flow-stimulated net cation transport in isolated perfused CCDs. A: net Na ϩ absorption increased as tubular flow rate was increased from ϳ1 to 5 nl⅐ min Ϫ1 ⅐ mm Ϫ1 in CCDs harvested from HS (n ϭ 6)-and LS (n ϭ 7 )-fed rabbits. However, the flow-stimulated increase in net Na ϩ absorption in LS-fed animals significantly exceeded that measured in animals fed a HS diet. B: a 5-fold increase in luminal flow rate increased net K ϩ secretion to an equivalent degree in the same set of tubules described in A. The flow-stimulated increment in net K ϩ secretion in both experimental groups was sensitive to iberiotoxin (IBX), an inhibitor of BK but not ROMK channels. Values are means Ϯ SE. *P Ͻ 0.05 compared with transport rate at 1 nl ⅐ min Ϫ1 ⅐ mm Ϫ1 in same tubules; #P Ͻ 0.05 compared with transport rate in HS-fed animals studied at same transport rate.
BK channels in cell-attached patches of CCDs harvested from rats subject to chronic (10 day) DOCA treatment (54) or low-Na ϩ diet (40) was the same or less, respectively, as that detected in rats on a normal diet. Similarly, the presence of aldosterone in the culture medium was reported not to alter the frequency of BK channels in cell-attached patches of rabbit CCD principal cells grown in culture (29) . However, it is likely that physiological BK channel activation requires membrane stretch and/or an increase in [Ca 2ϩ ] i , and thus changes in activity may not be readily detected in the standard cellattached patch configuration.
Chronic dietary K ϩ supplementation enhances renal K ϩ secretion (60, 76) , due predominantly to an aldosterone-induced increase in driving force favoring K ϩ secretion in the distal nephron, described above, as well as an aldosteroneindependent increase in density of SK channels, demonstrated in the adult rat (41, 69) . Indeed, an increase in dietary K ϩ intake for as little as 6 h increases SK channel density in rat CCD, an adaptation well described after 10 -14 days of high K ϩ intake (41, 69) . While this effect appears to require an increase in plasma K ϩ , the observation that adrenalectomized rats fail to exhibit an increase in SK channel density in response to high K ϩ intake suggests that circulating steroid levels play a permissive role in this process, at least in this species (41) . In contrast, microperfused CCDs isolated from K ϩ -adapted rabbits exhibit enhanced K ϩ secretion even after adrenalectomy (73) . Furthermore, the apical K ϩ conductance of the CCD is increased in both control and adrenalectomized rabbits fed a high-K ϩ diet (35) . These data suggest that mineralocorticoids may be necessary for K ϩ adaptation in rat, but not necessarily in rabbit.
The effect of dietary K ϩ loading on BK channel activity is inconsistent. K ϩ loading fails to stimulate BK channel activity in the rat CCD assayed by patch-clamp analysis in most (7, 20, 43) , but not all (28) , studies, although it does increase the density of these channels in rat distal colon (7), mouse distal nephron (5), and amphibian collecting tubule (62) . These somewhat disparate results suggest that regulation of the BK channel during K ϩ adaptation may be species-and/or tissue specific.
BK channels are composed of pore-forming ␣-subunits and accessory ␤-subunits. Alternative splicing of the COOH terminus of the ␣-subunit results in channels that exhibit phenotypic diversity that can be further modified by association with distinct ␤-subunits and protein phosphorylation (50, 56, 66, 78) . Whereas endogenous (corticosterone) and exogenous (dexamethasone) glucocorticoids regulate Slo splicing, and specifically STREX inclusion, in pituitary and chromaffin cells (78) , the present study reveals that a physiologically relevant increase in circulating levels of mineralocorticoids does not affect STREX expression in rabbit CCD (Fig. 2A) . While changes in dietary Na ϩ intake did not alter the expression of the STREX BK channel variant in CCDs, we observed an increase in expression of the STREX variant in rabbits maintained on a HK diet. The significance of the latter observation remains to be clarified.
Rabbits maintained on the LS diet for at least 1 wk demonstrated an elevation in plasma aldosterone levels as expected (Table 2) . Dietary Na ϩ restriction and/or exogenous aldosterone increases ␣-ENaC mRNA (Fig. 1) and protein in the mammalian kidney (2, 33), enhances the translocation of preexisting channels from intracellular sites to the plasma membrane in the distal nephron (14, (31) (32) (33) , and leads to proteolytic cleavage of ␣-and ␥-subunits of the channel protein (14, 33) . The net effect is an increase in Na ϩ channel activity (41) and net transepithelial Na ϩ absorption (13, 55) . Our finding that the rate of net Na ϩ absorption at a slow tubular fluid flow rate was similar in LS-and HS-fed rabbits suggests that a minimal "threshold" tubular fluid flow rate, and thus shear stress, may be essential to detect a mineralocorticoid-induced stimulation of Na ϩ absorption. While shear directly activates ENaC (1, 8, 53) , other shear-regulated factors may indirectly affect ENaC activity. For example, a shear-induced activation of PI3-kinase, as has been demonstrated to occur within 15 s of a shear of 0.5 dyn/cm 2 in vascular endothelial cells (17) , would be expected to activate sgk and ENaC.
In general, increases in net Na ϩ absorption in the CCD are accompanied by increases in net K ϩ secretion (51), as would be predicted for two transport processes tightly coupled to the basolateral Na ϩ -K ϩ -ATPase. However, we observed that flow-stimulation of net K ϩ secretion in CCDs isolated from HS-and LS-fed rabbits did not differ, despite a significantly greater flow stimulation of net Na ϩ absorption in the latter (Fig. 4) . Cumulative evidence now indicates that uncoupling of NaCl reabsorption and K ϩ secretion in the distal nephron may be mediated by the prevailing functional balance of WNK (with no lysine) kinase isoforms.
Among the WNK kinases, full-length WNK1 (L-WNK1) and WNK4 are expressed in the aldosterone-sensitive distal nephron (71) ; mutations in these kinases cause pseudohypoaldosteronism type II (71) . L-WNK1 stimulates ENaC via activation of sgk1 (79) and inhibits ROMK by reducing surface expression of the channel (27, 67) . Wild-type WNK4 inhibits ROMK and ENaC (21) (49). An alternatively spliced kinasedeficient WNK1 isoform specifically expressed in the kidney (kidney-specific WNK1, or KS-WNK1) (12, 39) acts as an antagonist of L-WNK1 with respect to its effects on ROMK as well as WNK4 (27, 63, 67) . Thus a high ratio of L-WNK1 to KS-WNK1 in the CCD is predicted to enhance net Na ϩ reabsorption via ENaC and limit ROMK-mediated K ϩ secretion, a dissociation in cation fluxes similar to that observed in the present study. In contrast, a decrease in this ratio (due to an increase in the abundance of KS-WNK1), as is detected in response to acute (67) and chronic (7 day; Ref. 38) dietary K ϩ loading of the rat and mouse, respectively, presumably releases L-WNK1-mediated inhibition of ROMK, thereby enhancing urinary K ϩ secretion. It is unknown whether WNK kinases regulate BK channel activity at the apical membrane. In contrast to the clear differences in WNK isoform expression in kidneys harvested from rodents provided variable K ϩ intakes, mice fed a LS (0.03%) or HS (3%) diet for 6 days revealed only a marginally significant downregulation of KS-WNK1 mRNA abundance; expression of L-WNK1 and WNK4 was similar in both treatment groups (38) .
In sum, our data lend further support to the premise that aldosterone is not an essential or primary regulator of renal K ϩ excretion and that a kaliuretic factor(s)/pathway other than this hormone regulates renal K ϩ transport in response to changes in dietary K ϩ intake (42), a notion that has been advanced by others based on the failure to document measurable increases in plasma K ϩ in response to increased K ϩ intake (46, 47) and the observation that high dietary K ϩ intake enhances K ϩ secretion in the distal nephron in adrenalectomized rabbits (73) . The extent to which dietary K ϩ -induced modifications in the functional balance of the unique WNK kinases participate in flow-stimulated K ϩ secretion remains to be explored.
